Abstract. For the evaluation of radiative transfer models and for investigations on the influence of parameters like aerosols or clouds on ground level UV irradiance, a combination of spectral measurements and model calculations is required. We show an efficient method for such a combination and present a systematic comparison of the freely available UVSPEC radiative transfer model package with two years of spectrally resolved measurements made at Garmisch-Partenkirchen, Germany (47.48øN, 11.07øE, 730 m above sea level) for cloudless sky and low albedo. More than 1200 spectra have been used for the comparison, covering a wide range of ozone and aerosol conditions. Applying the PSEUDO-SPHERICAL model type, a discrete ordinate model with correction for the sphericity of the Earth, the systematic differences between measurement and model were found to range between-11 and +2% for wavelengths between 295 and 400 nm and solar zenith angles up to 80 ø . The small observed statistical differences of 2-3% can mostly be explained by the random error of the measurement system. Only two input parameters, total ozone column and aerosol optical depth, the latter parameterized by the J•ngstrSm formula, are required to reach this level of agreement. It was further found that knowledge of the aerosol optical depth is essential for obtaining such a good agreement. The evaluated UVSPEC model package, together with the presented interface $DMODEL, provides an eflqcient tool for the investigation of the processes that control surface UV irradiance.
several uncertainties. These may be divided into two classes: numerical errors and uncertainties in the input data. While numerical errors are avoidable by thorough programming and testing, the latter can only be investigated by sensitivity studies and by comparing model results with measured data. This second type comprises uncertainties in the input data (e.g., the extraterrestrial irradiance or the absorption cross section of ozone) and imperfections in the parameterization of the atmosphere. A full description of the atmosphere by means of a phase function specified at any given location is neither possible nor practical. Rather, a parameterization using only a few parameters is necessary. Furthermore, simplifying assumptions are made in order to obtain a tractable solution of the radiative transfer equation, e.g., one-dimensional model atmosphere geometry. The arising uncertainties can only partly be investigated by sensitivity studies with models alone [Ruggaber et al., 1994] . Comparison with experimental data is necessary to quantify the actual size of the uncertainties. It should be noted that these studies require sufficient data for the description of the atmosphere in addition to the spectral measurements.
Although comparisons with experimental data are necessary to estimate the accuracy and applicability of a model, only a few such studies have been carried out up to now and these are mostly restricted to the description of single spectra or diurnal variations. Forster et al. [1995] compared measurements with calculations from their own radiative transfer model. In the UVB, the measured data were found to be higher than the model values. Generally, such an observation may be explained by a stray light problem of the monochromator. In a different case study, Wang and Lenoble [1994] Palmer Station (Antarctica) was quite good. Finally, Zeng et al. [1994] used the ratio between direct and diffuse irradiance for their comparison. This parameter is not subject to the uncertainties of the extraterrestrial irradiance and the absolute calibration of the spectroradiometer, but is very sensitive to aerosol optical depth and surface albedo. Therefore, this ratio is a very useful parameter to study the influence of aerosol optical depth and the profiles of aerosol extinction and ozone. It is interesting to note that all the models used in these studies are based on the radiative transfer equation solver of $tamnes et al. [1988] .
An evaluation of a model requires a wide variety of atmospheric conditions and should contain at least 1 year of measurements to cover all typical situations.
To our knowledge, the present study is the first complete evaluation of a model at a particular site comprising 1200 cloudless sky spectra sampled over two years (April 1994 to March 1996 . The cloudless sky is a very important case for two reasons: (1) cloudless sky is connected with comparatively high irradiance levels; and 2) many applications require modeled cloudless sky irradiance. The most important input parameters during cloudless skies and snow-free ground, total ozone column and spectral aerosol optical depth, are available at our site from measurements of direct spectral irradiance. An appropriate interface between measurement and model has been developed in order to enable the extensive comparison for several model types. The scope of the present investigation is not only to show the results of this comparison, but also to introduce the methods that can be used to perform such a comparison.
Materials and Methods

Measurement System
The spectroradiometric system used for the investigation is situated on the roof platform of the Fraunhofer Institute for Atmospheric Environmental Research (IFU) in Garmisch-Partenkirchen (47.48øN, 11.07øE, 730 m above sea level). It serves as a stationary weatherproof reference instrument and comprises a Bentham double monochromator DTM 300 with a photomultiplier as detector. Spectra of global irradiance are taken with a quartz cosine diffuser, and direct spectral irradiance is measured with a narrow field-of-view entrance optics, which is automatically aligned to the Sun. Both optics are coupled to the entrance slit of the monochromator with quartz fiber bundles. The angular response of the quartz diffuser is well known from laboratory studies; the deviation from the ideal cosine response is corrected using an algorithm described by Seckmeyer and Bernhard [1993] (the correction factors range between 1.05 for high Sun and 1.1 for low Sun). To avoid errors arising from changes in the photomultiplier dark current, we use an optical chopper in conjunction with a lock-in technique. The whole system is maintained at (20 :t: 0.5)øC and has an independent power supply. Calibrations are carried out in situ at least once a week using 100 W tungsten-halogen standard lamps. With a spectral resolution of 0.6 nm and a step width of 0.25 nm between 285 and 410 nm, approximately 100 spectra are taken every day with a typical scan duration of 10 min for this wavelength range. If the Sun is visible, spectra of direct and global irradiance are sampled alternatingly; otherwise, only global spectra are measured. Data are stored in so-called solar databases which hold not only the wavelength and the spectral irradiance, but also the time of the measurement, the raw data, and the statistical error for every single data point. The ozone profile was scaled to match the input parameter total ozone column. The Rayleigh scattering cross section was calculated With the formula given by [Nicolet, 1984] and the Rayleigh phase function was utilized. For the aerosols the appropriate spring/summer and fall/winter background aerosol models of $hettle [1989] were used, employing a Henyey-Greenstein phase function. In this parameterization, the aerosol optical depth at each layer is determined from the input parameter visibility.
The extraterrestrial irradiance used in this study was measured by the Solar Ultraviolet Spectral Irradiance Monitor (SUSIM) on board the Space Shuttle during the ATLAS 3 mission in November 1994 (M.E. VanHoosier, personal communication, 1996) . The spectrum has been shifted to air wavelengths using a formula provided by Teillet [1990] , because the wavelength calibration of our measurements also refers to air wavelengths (this shift is between 0.08 and 0.11 nm, depending on the wavelength). 3. One of our main applications for modeling UV irradiance is process studies, for example, by comparison of measured spectra for an aerosol-loaded atmosphere and model spectra for aerosol-free conditions. For these studies we need the spectra which the monochromator would have measured under the desired conditions, which is exactly what our algorithm provides.
Modification of the Original UVSPEC
Several adaptations are necessary for the realization. First, UVSPEC whose wavelength step is fixed to Inm, had to be generalized to arbitrary wavelengths. As Sun distance, the result is written to the measurement database and can easily be compared with experimental data or used for process studies. SDMODEL is a flexible tool for comparing model resuits and measurements. It is easily applicable for other models, as it creates an input file for the model, calls the model and then reads the model output. The processor time depends only little on the wavelength step of the model spectrum and is mainly determined by the time necessary for calculating a single data point. For the present investigations we used the model types TWO-STREAM and PSEUDO-SPHERICAL, the former because of its high speed, the latter because of its accuracy even for high solar zenith angles. The processor time for modeling measurements of 1 day, which amount to about 100 spectra, is 45 min for TWOSTREAM and 3.5 hours for PSEUDO-SPHERICAL (times specified for a Pentium 90 MHz, 16 MByte RAM).
Results
A first approach to compare measurement and model is to look at single spectra. Figure 3 shows the ratio of measurement and model for noontime spectra of direct and global irradiance on May 3, 1995. In order to demonstrate the effect of differing bandwidths between experimental and calculated spectra, the upper graph shows the comparison using "raw UVSPEC" 
Summary and Conclusions
One of the main goals of our presentation was to show how a comparison between measurement and model can be performed. SDMODEL, the tool that has been developed for this purpose, can also be used for a wide range of investigations, so-called process studies. In particular, these are all kinds of studies where experimental data are to be compared with model values calculated for specific atmospheric conditions, like, for example, a cloudless aerosol-free sky. The developed tool has been used to compare measurement and model for 1200 cloudless sky spectra, gathered during 2 years of continuous measurements at the IFU site. These studies lead to the following conclusions:
1. Using the SDMODEL interface, the UVSPEC model package has been evaluated for the IFU site. more than 500 data points, sampled over half a year, we found a systematic deviation of only 1% (IFU data were higher) and a standard deviation of the ratio of 1.6%. These small differences are a combined effect of the uncertainties of both algorithms and real differences arising from the unavoidable distance in space (40 km) and time.
